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Title Of Invention 
Method for Rapid Thermal Processing of Substrates 



Prior Applications 

This patent application claims priority of the following United States Patent 
5 Applications bearing: 

Serial No. 60/162,762 filed November 1, 1999 for "Apparatus and Control 
Method To Provide Very Rapid Thermal Processing Of Semiconductor Wafers 
By High Heat Flux Gas Convective Heating Using An Atmospheric Plasma Sys- 
tem," by Lynn David Bollinger and Iskander Tokmouline and assigned to the 
10 same assignee as for this invention; and 

Provisional Patent Application mailed July, 2000 to the U.S. Patent and 
trademark Office for "Method Of Rapid Thermal Processing Substrates Using 
Gas Heating To Obtain Very Rapid Heating And Cool-Down With Control Of The 
Temperature Profile Across The Substrate Thickness," and assigned to the same 
15 assignee as for this invention and bearing the Assignee's reference No. 2000- 
006; and 

United States Patent Application filed October 12, 2000 by Lynn David 
Bollinger and Iskander Tokmouline and assigned to the same assignee as for 
this invention and entitled "Wafer Holder For Rotating And Translating Wafers". 

20 All of said prior patent applications are incorporated herein by reference 

thereto. 
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Field Of The Invention 

This invention relates to semiconductor manufacturing generally and more 
specifically to thermal processing of substrates used to make semiconductor de- 
vices. 

5 Background Of The Invention 

In the fabrication of different types of advanced semiconductor devices 
very rapid thermal processing is becoming a critical need. Device applications 
include diffusion and annealing of implanted semiconductors to form high con- 
ductivity structures in substrates; annealing of a number of different materials 
10 used in CMOS logic devices and DRAM memory devices as well as processing 
specialty compound semiconductor devices. A general requirement for many 
such advanced devices is to very rapidly raise the temperature of the surface and 
then very rapidly cool-down the surface to enable a diffusion or anneal process 
without degrading other characteristics of the device materials. 

15 Application of shallow junction and channel formation in silicon devices 

There exists a manufacturing need to form very shallow, very high con- 
ductivity structures in silicon logic and memory devices with critical pattern di- 
mensions of 0.13 microns and below. Critical shallow high conductivity structures 
are used in logic devices, source and drain connection junctions and in gate 
20 channels; and in silicon junctions for memory devices. Need for a production 
means to make shallow, highly conductive paths in the range of 40-20 nm depth 
are projected by 2003. Means to produce junction and channel depths of less 
than 10 nm are being investigated by many. 
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Thermal budget limitation on shallow junction and channel formation 

To form high conductivity shallow paths in single crystal silicon, a thermal 
processing step is required. The two methods of driving the doping material into 
the single crystal silicon so that the doped crystal becomes highly conductive are: 
5 (1 ) implantation of the doping material into the silicon by accelerating the doping 
atoms into the silicon surface with sufficient energy, followed by a high tempera- 
ture anneal to repair the crystal damage by the implant process; and (2) diffusion 
of the doping atoms into the silicon by having a high concentration of doping ma- 
terial on the silicon surface and raising the silicon temperature so that the doping 
10 material diffuses into the silicon. The seed doping material may be in a layer de- 
posited on the silicon surface or may be in the gas at the surface of the wafer. 



If shallow high conductivity paths are to be formed there is a maximum al- 
lowable "thermal budget" for a given depth of the doping material responsible for 
the conductivity. Two factors that relate to obtaining very high conductivity shal- 
15 low structures are: diffusion rates and concentration of the doping atoms in the 
silicon. 



The diffusion rate of a doping material into silicon follows an exponential 
type dependence on temperature. For a high temperature requirement (e.g., 
1200°C), the doping atoms will rapidly diffuse into the silicon and in a short time a 
20 shallow highly conductive area can be obtained. 

On the other hand, at a relatively low temperature for diffusion into silicon, 
(e.g., 900°C), a long diffusion time is required that gives a concentration doping 
gradient that extends relatively deep into the silicon. At the same time other 
doped areas in the device will diffuse out from their respective initial doping ar~ 
25 eas. 
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Consequently, very shallow doping requires a short time duration high 
temperature pulse. Ideally, the pulse would be a spike that rapidly rises to, and 
falls from, a high temperature. Similarly, for annealing, crystal damage resulting 
from a shallow implantation of doping material, a short high temperature pulse is 
5 required to maintain a sharply defined, shallow conductive area having a steep 
concentration gradient at the conductive area boundary. To obtain a short high 
temperature pulse in the wafer, a means is needed for a well controlled, very 
rapid, high heat input to the wafer. 

High electrical conductivity structures in silicon semiconductor devices are 
10 in a non-equilibrium concentration regime. The concentration of doping atoms in 
the silicon structure is greater than the solubility of the doping material at ambi- 
ent, operating temperature. Diffusing or annealing the doping atoms at a high 
temperature and then cooling the silicon rapidly enough to "freeze" the impurity 
doping atoms into a single crystal structure, achieves this. In this way the doping 
1 5 concentration is set by the solubility of the doping atoms in silicon at the peak 
process temperature. A higher concentration of doping atoms in a single crystal 
structure gives a higher electrical conductivity. 

Current methods under investigation for shallow junction and channel formation 

Ion implantation and anneal : A high current, low energy ion implanter im- 
20 plants doping atoms to the required depth and concentration followed by a rapid 
thermal anneal of the damage. Two rapid anneal methods now used are radiant 
Rapid Thermal Processing (RTP) and fast furnace anneal RTP. Radiant RTP 
systems are reported to obtain a temperature rise rate of up to 300°C/sec, but 
significantly slower cool time, see the following paragraph and also Figure 6. Is- 
25 sues with this approach for future device generations requiring shallow implants 
and diffusion are: 
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- Ion implanters have high capital cost 

- Limitations to current production Radiant RTP, see following paragraph 

Radiant RTP : Heat lamps rapidly heat the silicon wafer. Cooling is by 
contact with a cooled wafer holding plate. Radiant energy output from the lamps 
5 is largely in the Infra-Red (IR) range so that heating results from coupling 

mechanisms for IR energy to silicon. The primary coupling mechanism for heat- 
ing silicon wafers is to free electrons that occur at temperatures above 700°C. 
Issues with Radiant RTP for future generations of semiconductor devices are: 

- Limited temperature rise and cooling. Currently most rapid temperature 
10 rise rates that are reported are of the order of 300°C/sec and cooling 

rates of the order of 90°C/sec. 

- Coupling of radiant energy into the wafer is dependent on the emissiv- 
ity (related to the reflectivity) of the surface and is thus dependent on 
the pattern and material. For fast temperature rise and cooling local 

15 pattern dependent differences do not average out and non-uniform 

thermal processing results. 

- Heating mechanism occurs only for a wafer temperature greater than 
700°C. Low temperature anneals, such as fast spike-like heating and 
cooling from 100°C to 800°C, cannot be done. 

20 Plasma immersion and anneal : Instead of the scan implantation method 

used by ion implanters, the wafer is placed in a plasma that contains the doping 
material. A voltage pulse is applied to the wafer with respect to the plasma poten- 
tial that drives doping ions into the wafer. A rapid thermal anneal removes the 
crystal damage from the plasma implant. The advantage of this approach is that 

25 it could provide ion implantation at a lower cost. Issues with this approach are the 
same as those set forth above for the ion implant technique as well as those 
above for the RTP anneal. In addition, problems include: 
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- Obtaining full wafer doping uniformity 

- Controlling unwanted impurities driven into the wafer from the plasma 

Projection Gas Immersion on Laser Doping (PGILD) : A laser scans the 
wafer in a process chamber with the doping gas. The intense, localized laser 
5 heating rapidly diffuses the doping material into the silicon. An advantage of this 
approach is that very high heating power can be "dumped" into the surface to 
provide extremely rapid heating and cooling. A fundamental issue with this ap- 
proach is that coupling of the laser energy into the silicon is pattern and material 
dependent making repeatable uniform processing difficult Laser annealing of 
10 implanted silicon is under investigation to take advantage of the very rapid tem- 
perature rise and cool times possible. However, the fundamental issue of the sili- 
con heating being pattern and material dependent remains. 

Rapid thermal gas doping : The wafer is placed in a furnace containing the 
doping material as a gas. A rapid temperature rise diffuses the doping material 
15 into the silicon. The fundamental issue with this approach for future device gen- 
erations requiring shallow implants and diffusion is that temperature rise time and 
cool down is limited. Maximum rise times of 100°C using forced air oven convec- 
tion have been reported. 

It is known that a hot gas stream can be used to heat a substrate and that 
20 given a sufficiently intensely hot gas stream that heating could be very fast. It is 
generally understood in the prior art that use of intense hot gas streams tends to 
damage the substrate at which the stream is directed. The International Patent 
W09745856, "Method for treating articles with a plasma jet," inventors Tok- 
mouline and Siniaguine, filed 1997, considers local heating and cooling as part of 
25 a treatment process in describing motion configurations for treating batches of 
wafers with a plasma jet. It is not within the scope of this prior publication, and, 
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th/s publication does not give consideration to use of very high temperatures, or 
avoiding substrate damage at high temperatures and use of very rapid cooling. 

For anneal and activation RTP applications of layers, spike-like tempera- 
ture rise and cooling may be needed for crystal properties of the layer and to 
5 avoid parasitic device degradation effects. Ferro-electric materials for DRAM 
memory devices are under investigation and require very fast RTP for anneal. 
Proposed high dielectric constant, "high-k," insulators for CMOS gate dielectric 
applications include oxide materials such as tantalum oxide. The tantalum oxide 
can be annealed at a temperature less than 800°C. However, if the temperature 
10 rise and cool-down time are not sufficiently rapid, then a silicon oxide layer will 
form at the silicon / tantalum oxide interface partially negating the effect of the 
high-k tantalum oxide dielectric. 

In a previously patent application of ours, which is not prior art as to the 
invention described herein, for processing by a hot gas generated by an atmos- 

15 pheric plasma, an etch application is described. This patent application is United 
States Provisional Patent application No. 60/156,407 entitled "Atmospheric proc- 
ess and system for controlled, rapid removal of polymers from high depth to 
width aspect ratio holes," by inventors Bollinger and Tokmouline, filed September 
28 1999 and assigned to the same assignee as for this invention. This patent ap- 

20 plication has been incorporated as part of a regular U.S. patent appliction filed 
September 28, 2000. Heat flux to the substrate in that application is typically in 
the range of 10 6 -10 7 W/m 2 . Exposure times may typically be -50ms but in a 
given application the exposure time may significantly vary. For etch applications, 
an objective is uniform net removal of material from the substrate. Since reaction 

25 rates can vary with temperature, exposure times may be adjusted significantly to 
compensate. Also, in etch applications the substrate should not be significantly 
heated, e.g., surface temperatures should be less than about 200°C, since the 
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processing may be done on devices further along in the manufacturing steps 
where the device materials may be damaged by a high temperature. 

Summary Of The Invention 

With one technique for thermal processing of substrate structures in ac- 
5 cordance with the invention a substrate is exposed to a hot gas stream that is 
operated in a regime that yields a large thermal gradient through the substrate 
thickness during processing and is operated for a time period that is sufficiently 
short to enable a very rapid cool down of the areas treated by the hot gas 
stream. 

1 0 This processing regime is obtained by a combination of high heat flux de- 

livered to the substrate and low exposure time of any location on the substrate to 
the hot gas heat flux. For high temperature very fast RTP for silicon devices, with 
a peak temperature in the range of 1,100-1450 o C, heating power delivered to the 
substrate would be in a range of greater than about 5x1 0 7 Watts/m 2 up to about 

15 1 0 9 W/m 2 . The exposure time to the hot gas stream is chosen according to the 
peak temperature needed and the heating flux used and would be generally less 
than about 8ms. 

The uniqueness of our invention is not just the parameter range of heat 
flux and exposure time but that in the properly chosen combination, thermal 

20 processing can be done in a regime that preserves a large temperature differen- 
tial through the substrate thickness. This will give very high heating and cooling, 
of the order of about -1 0 5 °C/sec, with no substrate damage or deformation. It is 
not only critical that exposure times be in the range to give a large temperature 
gradient through the substrate thickness but also that in a given RTP process the 

25 exposure times are stable and have very small variations. 



With a technique in accordance with this invention Rapid Thermal Proc- 
essing (RTP) of substrates, particularly semiconductor substrates for microelec- 
tronic devices and opto-electronic devices are achieved. As a result the following 
structures and application are obtainable: 

- Formation of very high electrical conductivity structures in single crystal 
semiconductor substrates such as silicon and compound semiconduc- 
tors such as gallium arsenide. 

- Formation of very shallow electrically conductive structures with 
sharply defined doping concentration boundaries in single crystal 
semiconductor substrates. 

- Annealing and activation of deposited layers that require very rapid 
heating and cooling. 

These structures and application are achievable because the following 
significant advantages of the invention arise while treating substrates for the 
manufacture of semi-conductor devices in accordance with the invention, 
namely: 

- A very rapid heating and cool-down of the surface of substrates with 
heating and cooling times greater than 10 3o C/sec and can be greater 
than as 10 5 °C/sec. Such rapid heating and cooling will be needed to 
meet specifications for devices planned for generations beyond 2005. 

- Attaining a high temperature of the active surface of the substrate 
without permanent distortion or defects. Temperatures that can briefly 
melt the surface of the silicon substrate are obtainable resulting in sig- 
nificant improvements in electrical conductivity. 

- Heating of the substrate with uniform thermal processing can be 
achieved in a manner that is insensitive to the surface characteristics 
of the substrate such as patterning and material layers. 
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- A heating method for low temperature applications can be employed 
using a very rapid RTP. This enables one to anneal and activate thin 
layers (e.g. ~< 1 micron) in temperature ranges less than 1000° C/sec. 
There are a range of very fast RTP relatively low peak temperature 
5 needs, less than 1000°C, for annealing and activating materials that 

would enable the manufacture of higher performance advanced de- 
vices with new materials. 



With a process in accordance with the invention a particularly high degree 
of temperature control and uniformity, better than 1% with a corresponding high 
10 process throughput, is achievable, both within a wafer and from wafer-to-wafer. 
There is currently no commercially system that can meet these requirements or 
that is projected to do so. Except for the invention disclosed herein, we know of 
no method under investigation that will have the capability to meet these re- 
quirements. 



15 With a process in accordance with this invention substrate heating can be 

done in two different regimes characterized by a nearly constant temperature 
through the substrate thickness during heating and cooling; and by a large tem- 
perature differential through the substrate thickness. 

As described herein for one embodiment in accordance with the invention 
20 heating of a substrate is done by gas conduction wherein the gas heating power 
density is sufficiently high, preferably above about 5x1 0 7 W/m 2 and with the dwell 
time of the substrate being treated within the hot gas stream being sufficiently 
low to create a high temperature gradient within the substrate. Sharply defined, 
shallow, high conductivity structures in silicon can be formed by rapidly bringing 
25 the silicon temperature to temperatures greater than 1 100°C followed by very 
rapid cooling. 
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Higher conductivities can be obtained by our invention for a Rapid Ther- 
mal Process (RTP) using a very hot gas stream capable of providing a very rapid 
temperature rise of the substrate surface to a high temperature followed by very 
fast cooling. The more rapid the temperature rise and cooling, the higher the non- 
5 equilibrium doping concentration is obtained without the doping atoms agglomer- 
ating to form non-crystal defects. A very high conductivity could be obtained by 
an extremely fast spike-like temperature rise and cooling profile that instantane- 
ously raises the surface of the substrate, for silicon about 141 0°C, to obtain a 
solubility concentration for liquid silicon. 

1 0 Heating by gas conduction avoids the surface optical emissivity depend- 

ence issue of the laser and radiant RTP methods. Heat transfer to the substrate 
is then independent of patterning used in manufacturing microelectronic devices. 
Since a hot gas stream capable of carrying a high heat flux to the substrate must 
be used to obtain very fast RTP, a preferable approach to obtain the high heat 

15 flux is to use a gas stream that is smaller than standard substrate sizes, such as 
200mm to 300mm diameter silicon wafers. Uniform thermal treatment is then ob- 
tained with a programmed movement of the substrate relative to the hot gas 
stream. To avoid hydrodynamic stabilization issues arising when one moves a 
hot gas stream, it is preferable, though not absolutely required, to move the sub- 

20 strate through a stationary hot gas stream. 

Thermal treatment includes annealing or activation of the substrate sur- 
face and deposited layers, and doping of the substrate to give electrically con- 
ductive structures. Single crystal doped structures may be obtained using hot gas 
RTP by: 



25 



1 . Thermally annealing previously implanted structures. 

2. Diffusing the doping atoms into the substrate from a patterned layer 
deposited on the substrate surface. 
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3. Diffusing the doping atoms into the substrate from the hot gas stream. 
A hard mask, such a silicon nitride of oxide, which would be stripped in 
a later step, would provide the patterning for the diffusion of the doping 
atoms into the substrate. 

5 Thermal treatment of this invention differs fundamentally from hot ovens 

approaches that use forced, convective gas flow to heat the substrate. For oven 
heating with convective gas flow, the gas temperature does not greatly exceed 
the peak temperature reached by the substrate during processing. Whereas, for 
a hot gas stream RTP approach in accordance with the invention, the tempera- 
10 ture of the gas stream at the boundary layer over the substrate will be in the 
range of 2 to 30 times the peak temperature reached by the substrate during 
processing. It is this large temperature gradient established by the invention near 
the substrate surface that enables a very rapid heat transfer of this invention. 

It is, therefore, an object of the invention to provide a process for a rapid 
1 5 thermal treatment involving fast heating and fast cooling of the gas treated areas 
of a substrate used to make semiconductor devices while using a very high tem- 
perature hot gas stream whereby excellent doping and annealing processes can 
be carried out to manufacture shallow substrate structures having sharp doping 
boundaries. 

20 These and other objects and advantages of the invention can be under- 

stood from the following detailed description of an embodiment in conjunction 
with the drawings. 

Brief Description Of The Drawings 



25 



Figure 1 is a schematic view of the concept of processing a substrate us- 
ing an intense hot gas stream to obtain very rapid heating and cool-down of the 
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substrate surface exposed to the hot gas treatment area in accordance with the 
invention. 

Figure 2 is a schematic side plan view of an atmospheric plasma process- 
ing system that can be used to generate the hot gas stream needed for very 
rapid heating and cooling in accordance with the invention. 

Figure 3A is a schematic side cross-section view of a non-contact vortex 
type substrate holder with which a rapid thermal processing technique in accor- 
dance with the invention can be practiced. 

Figure 3B is a bottom view of the substrate holder of Figure 3A. 

Figure 4 is a plot of modeled heating and cooling rates for two different ve- 
locities of a substrate as it passes through a hot gas stream and shows the 
method for controlling the peak temperature in accordance with the invention. 

Figure 5 is schematic view of a simple model for heat transfer to a sub- 
strate from a hot gas stream. 

Figure 6 is a plot of modeled heating and cooling rates for a silicon wafer 
in the regime of a low temperature differential through the wafer thickness of Fig- 
ure 5 in comparison with heating and cooling rates obtained by a conventional 
radiant RTP process. 

Figure 7 is a diagram of modeled plots of temperature differential through 
the thickness of a silicon wafer for different input heating powers and gas stream 
traversals or velocities of the substrate with the same front surface peak tem- 
perature of the silicon. 
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Figure 8 is a modeled plot of heating and cooling rates for the front sur- 
face of a silicon wafer in the regime of a large temperature differential through 
the wafer thickness and with heating and cooling rates of 10 5o C/sec. 

Figure 9 is a diagram of modeled plots for cooling rates of a silicon wafer 
5 in two operating regimes of respectively low and high temperature differentials 
through the wafer thickness. Front and back wafer surfaces vs. time are shown. 

Figure 10 is a diagram of modeled plots for cooling rates at three different 
input heating powers and velocities that yield the same front surface tempera- 
ture. 

10 Figure 1 1 is a diagram of a modeled plot showing very rapid heating and 

cooling rates for a silicon wafer with a relatively low peak temperature for a low 
temperature very fast RTP anneal process. 

Figure 12 is a schematic representation of a single linear pass of a hot gas 
treatment area across a circular substrate. 

15 Figure 13 is a diagram view of a thermal treatment profile, perpendicular 

to the scan direction, as would be obtained from a single linear pass of the sub- 
strate through a hot gas treatment area in accordance with the invention. 

Figure 14 is a diagram view of overlapped multiple linear scans where the 
overlap distance is comparable to the width of a single scan treatment profile. 



20 



Figure 15 is a diagram view of overlapped multiple linear scans where the 
overlap distance is small compared to the width of a single scan treatment pro- 
file. 
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Figure 16 is a schematic view of a step and scan motion configuration of 
the substrate through the hot gas stream to provide the overlapped multiple 
scans of Figures 14 and 15. 

Figures 17A through 17C are schematic side views of a substrate holder 
5 and substrate. 

Detailed Description Of The Drawings 

With reference to Figure 8 a plot 74 is shown of the rise 78 and fall 80 in 
temperature as a function of time using a hot gas treatment in accordance with 
the invention. The plot 74 shows that the hot gas stream is sufficiently high in 

10 temperature and power, at least about 5x1 0 7 Watts/m 2 , to raise the front surface 
of a silicon wafer substrate to 1300 degrees C in a short time. The time is suffi- 
ciently short so that the time to cool the substrate to below the critical tempera- 
ture of about 800 degrees is substantially shorter than that for a conventional, 
radiant RTP, thermal processing technique having a maximum temperature rise 

1 5 rate of 300 degrees/sec and cooling rate of 90 degrees/sec. The fall 80 of plot 74 
during cooling to below 800 degrees C is also substantially faster than the cool- 
ing rate obtained using a conventional as shown with curve 22 in Figure 6. (Be- 
low 800 degrees C further doping or annealing activities tend to cease in silicon.) 
The hot gas heating time occurs very fast as shown with the curve 78, about 10 5 

20 degrees C/sec, while the cooling occurs very fast as shown with curve 80 of plot 
74, about 10 5 degrees C/sec. 

With further reference to Figures 1 and 2 the concept for the technique of 
this invention is shown at 30. A semiconductor substrate 32 is held upside down 
by a substrate holder 34 of the vortex type although other holding methods may 
25 be used. A suitable atmospheric hot gas stream 14 can be generated by an at- 
mospheric plasma system as shown in figure 2. A hot gas stream is formed by an 
arc type plasma 38, sometimes referred to as a plasma jet, generated between 
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an anode 40 and cathode 42 powered by a power supply 44. The hot gas stream 
14 is directed onto the substrate or wafer surface 46. 

The non-contact vortex type substrate holder 34, which has advantages 
for this application is shown in Figures 3A and 3B. The holder 34 includes vortex 
5 chucks 35 and may be as described in a copending U.S. Patent Application filed 
on October 12, 2000 and previously identified on the first page of this specifica- 
tion and filed by the same Assignee as of this invention and the same inventors. 
Alternatively one may include such prior art features as described in the Interna- 
tional patent WO 97/45862 , "Non-contact holder for wafer-like articles," inventors 
10 Siniaguine and Steinberg, published December 4, 1997. 

The substrate holder 34 for this application meets a requirement of not rig- 
idly holding the substrate 32 so as to avoid the introduction of stress into the 
substrate caused by temporary thermal warping due to the high and localized 
heat input The holder 34 further should enable a rapid cool-down of the sub- 
15 strate by rapidly removing heat from it and bring the substrate 32 to a fixed and 
controlled ambient temperature when it is outside the processing region defined 
by the gas stream 36. 

Figures 3A and 3B show six vortex chucks 35 each consisting of an annu- 
lar channel 35a. A stream of gas, such as nitrogen, is injected tangentially into 

20 the upper section of each annular gas channel 35a of outside diameter D. D may 
be in the range of 0.5mm to 5mm. The vortex chuck 35 may consist of an open 
hole rather than an annular ring, with the gas then introduced tangentially at the 
top of the open hole. As a result of the gas flow injected into each vortex chuck 
35, the vortex chucks create an outward spiraling stream of gas 35c from the di- 

25 ameter D in the gap between the holder, shown for two vortex locations in figure 
3. This outward spiraling gas flow generates a low pressure area inside the di- 
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ameter D at each vortex chuck. The low pressure areas over each vortex chuck 
create the non-contact holding force for the substrate. 

The substrate 32 is prevented from sliding away from the holder surface 
by a set of limiters 35d. The substrate holder is moved through the hot gas 
treatment area by means of an actuator attached to the holder, not shown. 

The size of the hot gas stream 36 treatment area, generally denoted as A, 
is where the stream 36 is incident upon the substrate surface 46. The area A is 
approximately 2 cm in diameter, normally less than the size of the substrate 32 to 
be processed (e.g., a 200 mm or 300mm diameter silicon wafer). Consequently, 
the entire substrate surface 46 is treated by multiple passes of the wafer 32 
through the treatment area using a motion configuration that provides for treat- 
ment over the full substrate area. Relative motion of the substrate with respect to 
the treatment area is programmed so that uniform treatment can be obtained. 
Motion configurations can be by way of step and scan or by way of rotation with 
translation of wafer 32. The means to obtain uniform thermal processing is 
shown in Figures 12 to 16. 

With reference to Figure 2, the atmospheric hot gas stream 36 is gener- 
ated with apparatus 38 within a sealed chamber 48. The atmospheric plasma 
generating system 38, often referred to as a plasma jet, has previously been de- 
scribed; see US patent 6,040,548, by Siniaguine, entitled "Apparatus for generat- 
ing and deflecting a plasma jet". The apparatus 38 uses a high temperature, arc 
type plasma generated in an inert gas such as argon between two electrode 
subassemblies 40, 42 that serve as an anode and cathode for the arc discharge 
48. The arc 48 formed by the electrode configuration creates the stream 36 of 
hot gas to the substrate surface 46. 
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The substrate or wafer 32 to be processed is moved through the treatment 
area formed by the hot gas stream 36 using a suitable actuator that is not shown. 
Other suitable ambient gases may be employed inside the sealed chamber 48. 

A gas injector 50 may be used to inject a gas. Without a flow of gas from 
5 the gas injector 50, the hot gas stream 36 is composed primarily of the inert gas 
from the two electrode assemblies and from the process chamber 48 ambient 
gas that is entrained into the hot gas stream. For this reason, it is important to 
have a sealed process chamber to control the process chamber, ambient gas. If 
air were to be present during a high temperature RTP process oxygen could be 
1 0 diffused into the substrate and cause oxygen to precipitate into crystal defects. 

For diffusion applications, a gas containing the doping atoms to be dif- 
fused into the substrate may be injected into the hot has stream by the gas injec- 
tor 50. The hot gas will dissociate the injected material, gas or powder, into its 
elemental form so that the doping atoms, such as for diffusing boron into silicon, 
1 5 are delivered directly to the substrate surface 46. 

The temperature of the hot gas stream, at the boundary layer over the 
substrate, may be controlled by controlling the distance d of the electrode as- 
semblies 40,42 from the substrate 32 as well as the electrical power into the arc 
type plasma 36. Typical power parameters for driving the arc plasma for RTP 
20 applications may be in the ranges of 125 to 250V and 60 to 150Amps and such 
power is set with the power supply 44. 

The size of the treatment area generally denoted as A, where the stream 
36 is incident upon the substrate surface 46, is approximately 2 cm diameter, 
normally less than the size of the substrate 32 to be processed (e.g., a 200 mm 
25 or 300mm diameter silicon wafer). A may be in the range of 0.5cm to 5cm. A 
need not be circular but can be elliptically shaped by choice of the plasma gen- 
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eration parameters and gas injected into the hot gas stream, such as by the gas 
injector 50. 

The entire substrate surface 46 is treated by multiple passes of the wafer 
32 through the treatment area using a motion configuration that provides for such 
5 treatment. The relative motion of the substrate with respect to the treatment area 
is programmed so that uniform treatment can be obtained. Motion configurations 
can be by way of step and scan or by way of rotation with translation of the sub- 
strate 32. 

When an atmospheric flow process is used as in Figures 1 and 2, hydro- 
1 0 dynamic flow characteristics apply. The flow of the hot gas stream 36 onto the 
substrate surface 46 forms a thin hydrodynamic boundary over the surface of the 
substrate that is approximately 100 microns thick. The gas temperature drops 
from the temperature in the hot gas stream to the substrate temperature across 
this boundary layer. The gas temperature on the hot gas stream 36 side of the 
15 boundary layer may be in the range of 5,000- 12,000°C with a preferable range 
being about 9,000 to about 12,000°C. The wafer temperature depends on the 
process parameters and the velocity of the substrate through the hot gas stream 
treatment area A, as described below. Heat flux from the hot gas stream through 
the boundary layer to the substrate surface should be in the range of about 5x1 0 7 
20 to about 10 9 W/m 2 . It is usually preferable to use an inert gas for the hot gas 
stream 36 to avoid diffusing unwanted impurities into the substrate 32. A doping 
gas may be introduced into the hot gas stream to provide doping atoms for diffu- 
sion into the substrate. 

Control of the peak temperature of the substrate 32 reached during expo- 
25 sure of local area A of the substrate to the hot gas treatment area is obtained by 
control of the substrate velocity through the hot gas treatment area. For a given 
process, the heat flux delivered by the hot gas stream 36 is constant. The veloc- 
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ity of the substrate 32 through the gas stream 36 varies the heating time of local 
area A of the substrate 32. On entering the hot gas stream treatment area, the 
temperature of the substrate surface increases until that local area exits the 
treatment area A. Increasing the substrate velocity decreases the exposure time 
5 of that local area of the substrate, and consequently, reduces the maximum tem- 
perature reached by that area of the substrate. Figure 4 illustrates the concept of 
controlling maximum temperature by the velocity. The programmed motion may 
used to correct for small systematic variations in the thermal treatment of the 
substrate such as may occur near the edge of the substrate 32. 

1 0 Control of the peak temperature reached during exposure of a local area 

of the substrate 32 to the hot gas treatment area A is obtained by motion control. 
For a given process, the heat flux delivered by the hot gas stream is constant. 
Figure 4 illustrates the process of controlling maximum temperature by the veloc- 
ity of the substrate 32. At a time of 0 seconds the hot gas stream treatment area 

15 A of the substrate 32 moves over the position on the substrate for which the tem- 
perature profile is plotted in Figure 4. The temperature rapidly rises until that por- 
tion of the substrate 32 moves out of the hot gas stream treatment area A. For 
the plot 60 associated with a velocity v<i, this temperature is 1 ,000°C. For a veloc- 
ity v 2 that is less, the local area on the substrate is exposed to the hot gas stream 

20 36 for a longer period and, therefore, result in a higher peak temperature of 1 100 
°C for the plot 62. 

The example shown in Figure 4 is for a silicon wafer. The two temperature 
vs. time profiles are at a hot gas heat input of 1 0 7 W/m 2 , for the upper plot 62 v 2 = 
0.12m/sec and for the lower plot 60 v-t =0.13m/sec. Methods to calculate the wa- 
25 fer temperature vs. time profile are described in following sections. 

A very rapid cool-down rate is essential to very fast RTP. Rapid cool-down 
of the substrate surface is obtained by 2 mechanisms. 
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1 . Conductive heat transfer may be by gas conduction or conduction to a 
solid plate in contact with the wafer. It may be argued that conduction 
to a solid plate too is gas conduction since heat transfer to the plate is 
primarily across a very narrow gap by the gas in that gap. Heat from 

5 the substrate area exposed to the hot gas treatment area will conduct 

from the higher temperature substrate surface to the surrounding gas 
or to a cooled contact plate. For this invention there are advantages to 
using a non-contact wafer holder so that only the thermal mass of the 
substrate itself contributes to the heating and cool-down rates. For hot 

10 gas stream heating using a non-contact vortex type substrate holder, 

shown in Figures 3A and 3B, the major heat transfer out of the sub- 
strate is from the backside of the substrate to the gas flowing in the 
gap between the vortex chucks 35 and the substrate 32. The gas 
transfers heat across the gas gap, typically less than 1mm, to the tem- 

15 perature controlled substrate holder. 

2. Conductive heat transfer in the bulk material of the substrate 32 will 
occur in two directions namely: 1) lateral heat conduction, parallel to 
the substrate surface 46; and 2) heat transfer through the wafer 
thickness, perpendicular to the substrate surface 46. Semiconductor 

20 substrates are generally very thin (e.g., 0.75 mm for a 200mm stan- 

dard silicon wafer) compared to the heating area, typically about 20mm 
in diameter for the atmospheric plasma system of Figure 2. 



With a geometry wherein there is a large ratio of the heating area to sub- 
strate thickness, heat conductivity from the heated area by lateral heat conduc- 
25 tion is relatively ineffective. If a large temperature differential can be developed 
through the wafer thickness during heating, the mechanism of heat transfer 
through the wafer thickness can provide an additional, very rapid cool-down of 
the substrate surface 46. Heat is then conducted away from the surface 46 to the 
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bulk of the substrate itself. This mechanism is described further in the discussion 
of Figures 7 to 1 1 . 

Two heating regimes may be characterized by the dominant cooling 
mechanism of the surface after immediate exposure to the hot gas stream. To 
5 illustrate, consider bringing the surface of the substrate to the same temperature 
by a velocity V|_ with an input, gas heating power W L ; for a silicon wafer Vl= 0.1 
m/sec and a heating power of 10 7 W/m 2 will give a peak temperature of ~1300°C. 
At a much higher input power W H , the same temperature can be obtained for a 
significantly higher velocity V H . For a silicon wafer with W H =10 8 W/m 2 , a surface 
1 0 temperature ~1 300°C would be obtained for a velocity V H =1 .6m/sec. Although 
the same substrate surface temperature is reached, the heating and cooling 
characteristics are very different such that we refer to them as different regimes: 
a high heating power using a high velocity and a low heating power regime using 
a lower speed. 

1 5 In general, heating of a homogeneous material is governed by the time 

dependent heat equation: 

(1) pc p 9T/5t= kV 2 T + Q 

where: T = T(x,y,z) is the temperature of the body; p is the density; c p is the heat 
capacity; k is the thermal conductivity; and Q = Q(x,y,z) is the net heat input 
20 /output. 

Low heating power regime 



For the low power regime, a simple physical model can provide the sub- 
strate heating and cooling and the differential equation (1) does not need to be 
explicitly solved. For this regime, the time that a given area of the substrate 32 is 
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exposed to the hot gas stream is long compared to the time it takes for the heat 
to conduct through the substrate from the heated side to the back side. And, for 
the case that the heating area is much larger than the substrate thickness, as is 
the case for silicon wafers, thickness of a 200mm wafer ~ 0.75mm compared to a 
5 heating area ~20mm in diameter, the heat flow out of the heated area is low 
compared to the heat input. The heating of the local volume of the substrate can 
closely approximate the temperature rise of a local area of the substrate. With 
reference to Figure 5, for a circular hot gas stream 36 treatment area of radius R 
and total input heat flux H onto a substrate 32 of thickness Ah, the local substrate 
10 volume element AV undergoing heating is: 



The total input power H (i.e., Watts) expressed in terms of the heat per 
unit area W (i.e., Watts/m 2 ) is: 



(2) 



AV = 2nR 2 Ah 



(3) 



H = 2nR 2 W 



15 



For a velocity of the substrate through the hot gas stream V, the time t, 
during which the volume element AV is exposed to the heating flux H is: 



(4) 



t =2R/V 



Total heat input Q (i.e., joules) is: 



(5) 



Q = H t = 2nR 2 W (2R/V) 



20 



Temperature rise is related to the total heat input into a volume with den- 
sity p and heat capacity c p by the well-known equation: 



(6) Heat input = pc p (volume)(Temperature rise) 
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Equations (2), (3), (5) and (6) then give the simple expression for calculat- 
ing the temperature rise: 



For the low power regime, cooling time is relatively long compared to the 
5 heating time: yielding a heating rate ~10 4 °C/sec and a cooling rate ~1sec. The 
cooling can then be considered independent of the heating and starting at the 
time heating from the hot has stream treatment area moves off a given location. 

The primary cooling mechanism with the non-contact vortex type wafer 
holder is by forced gas convective heat transfer by the gas flowing from the vor- 
10 tex chucks. The heat removal rate from the backside of the substrate W ou t can be 
expressed as: 



where: T CO oi gas, and T wa fer are the gas temperatures for the cooling gas flowing to 
the substrate from the substrate holder and the substrate respectively; Ci is the 
15 convective gas film coefficient, calculated from the known gas flow and composi- 
tion conditions. 

For the low power heating regime, equations (7) and (8) describe the heat- 
ing and cooling occurring at a given position with motion of a substrate 32 
through the hot gas stream 36. The same dependence can be arrived at by ap- 
20 plying the proper boundary conditions to the general time dependent heat equa- 
tion (1) as will be evident from the following discussion of the high power heating 
regime. 



(7) 



AT = 2RW/pc p AhV 



(8) 



W 0 ut - Ci (T W afer " T C ool gas ) 



Figure 6 shows a low heating power regime with curve 20 with the heating 
and cooling plotted with curve 20 for a silicon wafer with an input power of 10 7 
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W/m 2 and a velocity of 0.12 m/sec giving a peak temperature 2 1 ,100 °C. In this 
Figure, at time 1 sec the hot gas stream starts crossing the first point on the sur- 
face 46 of the wafer 32 for which the temperature is plotted. The temperature 
rises at a rate of about ~10 4 °C/sec until the hot gas stream 36 has moved off of 
5 that point; cooling at a rate of seconds then begins. 

For comparison, a published plot of temperature rise and cooling time for 
a commercially available Radiant RTP system is plotted with curve 22 in Figure 
6, see "Thermal Processing Options," A.E.Braun, Semiconductor International, 
p56-64, May 1999. For the Radiant RTP case, the rapid heating starts at 700°C 

10 because, as previously described, the radiant IR energy couples into silicon ef- 
fectively only for temperatures greater than 700°C. For annealing and diffusion of 
dopant in silicon this is acceptable because diffusion rates are negligible for tem- 
peratures less than about 800°C. The temperature rise rate of 250°C/sec for Ra- 
diant RTP is far slower that the hot gas RTP rise rate of about 10 4o C/sec for 

1 5 curve 23. The cooling rate for hot gas RTP is 600 °C/sec for curve 24 of plot 20, 
compared to about 90 °C/sec for Radiant RTP. 



Two limitations of hot gas RTP in the low power-heating regime are: 



20 



1. 



Cooling rate: While much faster than Radiant RTP, it is evident that in 
the low heating power regime that the thermal budget impact is limited 
by the cooling rate. 



2. 



For high temperatures, such as those approaching the melting point of 
silicon, the front and back surface temperatures are nearly equal. 



Hence, the substrate 32 is subject to permanent distortion and associ- 
ated crystal defects. 
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High heating power regime of the invention. 

For a high heating power regime, in excess of about 5x1 0 7 W/m 2 , heat in- 
put to the substrate 32 occurs over a time period that is short compared to the 
time it takes to establish a nearly uniform temperature throughout the substrate 
5 thickness. For this regime the surface 46 of the substrate exposed to the hot gas 
stream 36 can develop a much higher temperature than the back surface. This 
large temperature differential through the substrate thickness provides the sig- 
nificant advantages of: 



1 . Very fast cool-down time of the front surface for high thermal conduc- 
10 tivity substrates. 

2. No permanent distortion of the substrate while subjecting it to high 
temperatures. The front surface 46 of the substrate 32 can be raised to 
the melting point while the bulk of the substrate stays at a much lower 
temperature and maintains the structural integrity of the substrate. 

15 3. No crystal defects. 



For the high heating power regime, the general time dependent heat 
equation (1) must be solved to give the substrate temperatures during process- 
ing. For the analytical results described in this invention we again consider a 
model in which the substrate is thin compared to the size of the hot gas heating 

20 area A. The model then assumes that heat transfer effects and variations of tem- 
perature in the directions parallel to the wafer surface can be neglected. Such an 
assumption is justified during initial stages of the heating process, when heat 
transfer in the z direction (due to intense heating from the front surface) domi- 
nates over heat transfer in x and y directions (which results from developing a 

25 temperature gradient in these directions). We then consider a one-dimensional 
non-steady heat transfer model, where temperature T is considered to be a func- 
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tion of time t and a distance z from the front (heated) surface of the wafer: T = 



Heat input by the hot gas stream to the front surface is treated by the front 
surface boundary condition and equation (1) for this case reduces to the one- 
5 dimensional parabolic differential equation: 



subject to the front and back surface boundary conditions. 

As previously described, the stream 36 of hot gas onto the wafer surface 
46 sets up a hydrodynamic boundary layer with a temperature dropping from that 
10 of the hot gas stream T ho t gas (e.g., -10,000 °C) to the substrate temperature T wa - 
fer across the boundary. The net heat flow into the front surface per unit area Wj n 
is: 



where C2 is the convective gas film coefficient calculated from the known gas 
15 flow and composition conditions. The front surface boundary condition, z = 0, is: 



T(t,z). 



(9) 



pc p 3T/at= k^Tldz 2 



(10) 



Win- C2 (Thot gas - T wa fer ) 



(11) 



-k dT(t,0)/<9z = Wi n (t) 



From equation (8) The back surface boundary condition, z = Zb, is: 



(12) 



-k 9T(t, Zb)/dZ - Ci (T W afer(t, Zb) -Tcoolgas ) 



20 



Figures 7 to 1 1 are plots that present results from numerical solution, for 
silicon wafer substrates, to the governing equation (9) subject to the front and 
back surface boundary conditions, equations (1 1) and (12). These plots illustrate 
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the non-linear effect that arises when a very high heat gas stream 36 is applied 
to the wafer 32 and it is moved at a very high speed through the gas stream 36 in 
comparison to the case where a relatively low power hot gas stream is used. 

Temperature differential through the substrate thickness 

5 Figure 7 shows how a large temperature differential can be developed 

through the substrate thickness for the high heating power regime. This figure 
shows modeling results, plots 66, 68 and 70 for three different heat flux powers 
to a silicon wafer substrate respectively, 10 7 , 10 8 , and 10 9 W/m 2 . The plots give 
the temperature profile through the wafer thickness at the time when exposure to 
10 the hot gas heating area has just ended. The exposure time of the localized wa- 
fer area to the hot gas, determined by the velocity of the wafer through the hot 
gas treatment area, is set to give the same surface temperature of the wafer, 
1400°C, close to the melting point of silicon, 1410 °C. 

In Figure 7 "0" distance is the wafer front surface that is directly exposed 
1 5 to the hot gas and the back surface z b = 750 microns or .75 mm. For the lowest 
heat flux, 10 7 W/m 2 and a corresponding relatively low velocity of .07 m/sec, there 
is a small temperature differential across the wafer. This is the low heating power 
regime referred to above. 

At much higher heat flux powers for the high heating power regime, 10 8 
20 and 10 9 W/m 2 , and correspondingly higher velocities, a large temperature differ- 
ential is developed across the wafer. Very high front surface temperatures may 
be obtained, such as the melting point of silicon, while the bulk of the wafer re- 
mains at a low temperature to provide structural rigidity to prevent permanent 
thermal distortion. 
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It is to be noted that the high heating power regime for a large temperature 
differential through the substrate thickness applies to low and intermediate peak 
temperatures as well (e.g., <900°C). For a given input heating power, a large 
temperature differential is set up during the heating time by a sufficiently high ve- 

5 locity (i.e., short exposure time). Roughly, a velocity that gives a large tempera- 
ture differential at a high input power will give a large temperature differential with 
a lower peak temperature than a lower input power. A factor that affects the scal- 
ing is thermal conductivity, for many materials thermal conductivity varies signifi- 
cantly with temperature; for silicon thermal conductivity decreases by a factor of 

10 approximately 8 between room temperature and 1400°C). 

Very rapid cool-down rates. 

Temperature rise is a direct function of the input heating power. A more 
rapid temperature rise may be obtained by increasing the heating power. How- 
ever, in RTP the integrated time spent at a higher temperature uses a significant 
1 5 portion of the allowable thermal budget. As is the case for the low heating power 
regime, a relatively slow cool-down time will then drive the thermal budget im- 
pact. A "spike-like" temperature vs. time thermal profile having both very rapid 
temperature rise and cool-down rates provides a high thermal processing tem- 
perature with a very low impact on the thermal budget. 

20 By having an RTP process that develops a large temperature differential 

across the substrate thickness, heat can be removed from the substrate surface 
by conduction into the bulk of the substrate. For a substrate with a high thermal 
conductivity such as silicon this mechanism can provide a greatly enhanced cool- 
down rate at the higher temperatures where diffusion and activation occur and it 

25 is at the higher temperatures that the cool-down rate has an impact on the ther- 
mal budget. As previously discussed, for silicon, diffusion becomes negligible be- 
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low 800°C and in a thermal anneal of implanted silicon, for example, it is only the 
temperature above 800°C that contributes to the thermal budget. 

The greatly enhanced cooling mechanism of the high heating power re- 
gime at an input heat flux power of 10 8 W/m 2 is shown with curve 74 in Figure 8. 
5 At time "0" ms exposure to the heat flux begins, curve 74 shows the front surface 
temperature rising from the ambient temperature level 76 of 200°C to 1300°C in 6 
ms along curve portion 78 when the exposure to the heat flux ends. This illus- 
trates a heating rate of greater than 10 5o C/sec. 

The very effective cool-down mechanism of conduction of heat from the 
10 front surface into the bulk of the wafer now begins with curve portion 80 which 
shows a rapidly cooling of the wafer front surface 46, from 1300°C to less than 
700°C in the next 6ms, at a cooling rate of about ~ 10 5o C/sec. When the front 
surface temperature comes to nearly equal temperatures at ~650°C, further cool- 
ing is at the rate at which heat is removed from the back surface of wafer 32. 

15 Figure 9 shows the two cooling mechanisms that are obtained with hot 

gas RTP in accordance with the invention. This figure shows the front surface 
and back surface cool-down rates of a silicon wafer substrate 32 immediately af- 
ter exposure to the hot gas stream for two heating flux powers. At time "0" ms 
exposure to the hot gas heating area A has just ended. In the low heating power 

20 regime with the lower heat input flux of 1 0 7 W/m 2 (upper two plots 82, 84), there 
is a low temperature differential through the wafer thickness. Consequently, the 
front surface temperature rapidly comes to the same temperature as the back 
surface and the cool-down rate is determined by the rate of heat removal by gas 
conduction from the wafer surfaces, primarily from the back surface. 

25 In the high heating power regime of this invention with ten times higher 

heat input flux of 10 s W/m 2 there is a large temperature differential through the 
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wafer thickness at time = 0. Consequently, there is a very rapid cooling of the 
front surface, at a rate of about ~10 5 °C/sec, by thermal conduction from the sur- 
face 46 into the bulk of the silicon wafer. When the front surface temperature 
reaches the back surface temperature, of about ~*650°C, the heat removal 
5 mechanism is gas conduction from the wafer surfaces. 

Gas heat conduction from the wafer 32 may be increased above that 
shown in Figure 9 such as by a lower gas temperature and increased gas flow 
from the vortex chucks 35. However, the most rapid cool-down of the front sur- 
face is obtained by the mechanism of heat conduction into the silicon enabled by 
1 0 retaining or establishing a temperature differential through the wafer thickness 

Figure 10 shows the cool-down rates of the front surface 46 for three input 
heat flux powers, for curves 90, 92, 94 with the heating exposure time (i.e., veloc- 
ity) set to give the same peak temperature. At time "0" ms for each of these plots 
coincides with the peak temperature and occurs when exposure to the hot gas 

1 5 heating area has just ended. The increasing temperature differential through the 
wafer thickness with increasing heat flux power in the gas stream, and corre- 
sponding increased velocity of the wafer through the gas stream as shown in 
Figure 7, results in an increased cool-down rate. For formation of high conductiv- 
ity, shallow silicon structures, rapid cool-down to a temperature below 800°C is 

20 needed to allow abrupt doping concentration boundaries and to prevent un- 
wanted diffusion into the silicon. For an input heating power of 10 8 W/m 2 , a wafer 
velocity through the hot gas stream of about ~ 2 m/sec is needed. Precision con- 
trol of velocity at 2 m/sec is in the range of standard, commercially available mo- 
tion control systems. 

25 Figure 1 1 shows a low temperature RTP cooling example with curves 96, 

for the front surface 46, and 98, for the back wafer surface. In this Figure time = 0 
is when exposure to the hot gas stream starts, the temperature rises during the 
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exposure time to the hot gas stream at an input heating power of 5x1 0 7 W/m 2 
and a velocity ~2m/sec for curve 96. A peak temperature of 850°C, from a base 
temperature of 100°C, is reached in about 6ms after which a rapid cool down of 
the front surface 46 from ~850°C to ~500°C occurs in about 4ms. 

5 The peak temperature and the temperature at which the front and back 

surfaces come to near the same temperature, corresponding to a slower cooling 
rate, may be adjusted by the input heating power and the substrate velocity. 

Estimate for the exposure time to yield a large temperature differential 

10 Equations (9), (11) and (12) must be numerically solved to accurately cal- 

culate the exposure time of an area of the substrate surface to the hot gas heat 
flux that will give a large temperature differential through the substrate thickness 
and consequent high cooling rate. It is instructive, however, to develop an ap- 
proximating physical model that gives the driving variable dependencies and pro- 

15 vides an estimate for an exposure time that divides the low and high input heat- 
ing power regimes. The basis for this approximate physical model is that, to de- 
velop a large temperature differential through the wafer thickness, the heat input 
to the substrate surface must be much greater than the rate of heat transfer 
through the wafer to the back surface of the wafer. To model this we use the 

20 simple, well-known static equations for heat transfer. For temperature rise equa- 
tion (6) and for heat transfer the equation: 

(13) Heat transfer rate = k (area)(Temperature change) / (thickness) 

25 Where k = thermal conductivity. 
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For this approximate physical model, we consider the substrate as three 
equal layers each of thickness Ah/3. We estimate the temperature rise of the top, 
directly heated layer and then compare this to an estimate of the heat transferred 
through the middle layer to the back layer to give an upper value for the exposure 
5 time to the heat flux that gives a large temperature differential through the thick- 
ness. If the top layer were thermally isolated, equation (6) gives the temperature 
rise AT for the exposure time t E with an input heating power W to the top layer of 
thickness Ah/3 as: 

10 (14) AT = 3W t E / p CpAh 

We now estimate the heat transferred through the middle layer, thickness 
Ah/3, to the back layer during the exposure time t E . We use equation (14) to esti- 
mate the temperature difference across the middle layer as AT/2. For there to be 
1 5 a large temperature difference through the wafer thickness when exposure to the 
heat flux has ended, the heat transferred to the back layer must be significantly 
smaller than the heat input into the front surface. Since the back layer is one third 
the total wafer thickness we use: 

20 Heat transfer rate to back layer = ( 1 / 2 )(W/3) = W/6 

as an upper value for estimating onset of the regime for a large temperature dif- 
ferential. Equation (13) then gives: 

25 (area) W/6 = k (area) (AT/2) / (Ah/3) 



(15) W = 9kAT/Ah 
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Substituting for AT from equation (14) and the solving for t E gives the estimate for 
the upper bound to the exposure time for the regime with a large temperature dif- 
ferential as: 

5 (16) t E < pc p Ah 2 /27k 

We note that this expression does not explicitly contain the input heating power; 
however since the heat capacity c p and the thermal conductivity k are somewhat 
temperature dependent for all materials there is an implicit dependence on the 
1 0 heat input by way of the temperature dependence of these variables. 

For the case of a silicon wafer for heating to a peak temperature above 1200 de- 
grees C, representative values for the variables in (16) are: p = 28.1 Kg/m 3 ; c p = 
700 J/(kg degrees C); Ah = .75x1 0" 3 m and k = 40 W/(m degrees C) which give: 

15 

(17) t E < ~ 10 x 10" 3 sec = 10ms 

As previously described, actual numerical solution to the governing differential 
equations (9), (11) and (12) show a large temperature differential through the 
20 thickness of a silicon wafer for heating to 1 ,300 degrees C with an exposure time 
<~8ms. 

Eliminating Permanent Deformation and Defects 

Very high doping concentration applications require a high surface tem- 
25 perature. In raising the substrate temperature to a high temperature particularly 
near the melting point, an issue involves permanent deformation of the substrate. 
In addition, analysis of silicon wafers following hot gas RTP have correlated the 
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formation of "slip defects" resulting from permanent slip and breaking of crystal 
bonds with onset of permanent deformation. 

High surface temperature without permanent deformation or crystal de- 
fects can be obtained by a hot gas RTP in the high heating power regime in ac- 
5 cordance with the invention by establishing a large temperature difference across 
the wafer thickness, see Figure7. The bulk of the wafer, being at low tempera- 
ture, then provides the structural rigidity to prevent permanent deformation. 

A method to obtain thermal uniform treatment of the substrate 

a. Step and scan motion configuration for uniform treatment 

10 Very uniform thermal treatment is critical during silicon device manufactur- 

ing. A method to obtain uniform thermal treatment using a hot gas stream treat- 
ment area that is smaller than the substrate size is described with the following. 
Figure 12 shows at 100 a single pass of the substrate 32 through the hot gas 
stream treatment area. The substrate 32 moves through the hot gas treatment 

1 5 area A at a velocity V to thermally treat the substrate in a linear path 1 00 having 
a characteristic width w. 

Figure 13 shows plot 104 of a cross-section of the thermal treatment in- 
tensity (e.g., depth of diffusion of doping material; temperature) vs. distance for a 
cross-sectional area that is perpendicular to the scan direction 106 shown in Fig- 
20 ure12. 

Figure 14 shows treatment of the full wafer 32 with multiple scans 104 
across the wafer 32 where the step distance si between subsequent scans 104 is 
relatively large. In Figure 14 the treatment intensity cross-section of the wafer 32 
for each individual, overlapped scan with separation Si is shown at 108. In Figure 
25 14 the total treatment of the wafer 32 for a cross-sectional area perpendicular to 
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the scan direction is shown at 1 10. At any point the total treatment resulting from 
the overlapped scans 104 is the superposition, or summation at that point, of the 
treatment intensities from each individual scan. 

Figure 15 shows treatment of the full wafer by multiple scans across the 
5 substrate where the step distance s 2 between subsequent scans is small with re- 
spect to the width w of the treatment area A. 

In the upper part of Figure 15 the treatment intensity cross-section of the 
substrate for each individual, overlapped scan 104 with separation s 2 is shown. 
The cross-sectional area is perpendicular to the scan direction. In the lower part 

10 of Figure 15 the total treatment of the substrate 32 is plotted, for a cross- 
sectional area perpendicular to the scan direction, with much lower, ripple-like 
treatment variation as illustrated at 1 12 for a ratio of w/s 2 of about 3 to 1 . The 
step between scans may be reduced to make the uniformity variation less than 
any required value. For the hot gas treatment width A of about -2cm, very uni- 

1 5 form treatment can be obtained with a step distance of about -3mm. 

The ratio of w/s 2 can be as shown in Figure 14 equal to 1 , but preferably is 
in range from about 8 to 1 to about 3 to 1 , with a ratio of about 6 to 1 being ac- 
ceptable. Increasing the ratio increases the number of scans and may in the ag- 
gregate increase the effective impact of the process on the thermal budget to a 
20 higher level for the wafer as well increase the scanning time for the entire wafer 
32. Too low a ratio w/s 2 results in too high a uniformity variation over the surface 
of the wafer 32. 

b. Method to increase cooling time between scans 

For precise control over the temperature reached by any point on the sub- 
25 strate 32 during exposure to the hot gas stream 36 it is necessary that the start- 
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ing temperature of that point before exposure be constant. Consequently, for 
overlapped scans, before scanning over an area previously exposed to the gas 
stream the wafer temperature must have cooled back to the base, substrate 
holder temperature. 

5 A method to provide increased cool-down time between overlapped scans 

is shown at 120 in Figure 16. The time between overlapped scans is increased 
by scanning with large steps 122 between subsequent scans Y interlaced with 
small steps s. As shown in this Figure, the hot gas treatment area starts centered 
at the Start position 124 and scans across the substrate 32 at the programmed 

1 0 velocity that will give the required treatment temperature, see the top solid line 
126.1. For the first scan, the edge of the hot gas treatment area A would cross 
the edge 128 of the substrate 32. Following the first scan 126.1, the substrate 32 
is stepped a distance Y to the second scan position 126.2. 

As shown in Figure 16, four scans 126 are made with a step Y, solid scan 
1 5 lines. The second set of four scans, dashed lines, are made with an offset step s 
to the first scan step. Subsequent sets of scans 130 are made each with an off- 
set step s to the previous scan set, dotted lines. Scan sets are repeated until the 
full wafer has been treated with scans offset by steps s. For uniform treatment of 
the full wafer the number of sets of scans, N, is: 

20 (18) N = (Y/s)-1 

Using the scan pattern 120 shown in Figure 16, the cool-down time be- 
tween overlapped scans is increased by approximately a factor of four over a 
straight step and scan pattern. Using this concept the number of scans per set 
may be increased or decreased as needed to give full cool-down between over- 
25 lapped scans. A necessary condition for the large step Y in a scan set is that Y 
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be greater than the characteristic width of the hot gas treatment area w of Figure 
13. 

For simplicity of illustration, Figure 16 shows the substrate scans moving 
over a box area before stepping to the next scan position. To reduce processing 
5 time, the substrate 32 would only need to move fully out of the hot gas treatment 
area A before stepping to the next scan position. It is to be noted that this step 
and scan concept could also be implemented by having the substrate 32 scan 
through the hot gas treatment area by moving in an arcuate path instead of the 
linear paths shown in Figure 16. The arcuate paths for each step would have a 
1 0 constant radius and be offset from each other in the manner as shown for the lin- 
ear scans. 

For the substrate holder geometry of prior art as shown in Figure 3, the 
substrate holder 34 diameter is only slightly larger than the substrate diameter 
(e.g., ~1 mm). In practice, the hot gas treatment area A is not sharply defined, 

1 5 but rather, is smoothly spread out by the hydrodynamic gas flow over the wafer 
surface 46, see Figure 17A. Consequently, as the hot gas treatment area A 
moves off the substrate 32, in the prior art design there is no processing of the 
wafer 32 from the outward flow from the hot gas treatment area. Consequently, 
there is relatively less treatment of the area close to the substrate edge relative 

20 to the area close to the substrate center. This effect may be partially compen- 
sated for in the programmed, motion of the substrate through the hot gas treat- 
ment area by slowing down the motion near the substrate edge. 

A preferred method to prevent this gas flow edge effect from adversely af- 
fecting the processing of the wafer 32 near the edge 128 as described in the pre- 
25 viously referenced patent application no. 60/1 58,892. The edge of the substrate 
holder 34 is extended beyond the edge 128 of the substrate 32. With reference to 
Figure 17A, when the primary treatment area A of the hot gas stream 36 is over 
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the central portion of the substrate 32, the flow of gas out from A that can give a 
smaller, secondary treatment in the adjacent area B is symmetric with respect to 
A. As shown in Figure 17B, when A is just off the edge 128 of the substrate 32 
and holder 34 the outflow from the hot gas stream over the edge area of the sub- 
5 strate ceases. 

As shown in Figure 17C, an annular substrate holder extension 140 can 
be added to the perimeter of the substrate holder 34 to effectively extend the 
plane of the substrate 32 so that the peripheral area of the substrate will be ex- 
posed to the same secondary treatment area B as the main treatment area A 
1 0 moves off of the substrate 32. The flow of the process gas as the treatment area 
moves off the wafer edge will be similar to the flow pattern over the central area 
of the wafer. A key advantage is that the velocity of the substrate as it moves out 
of the treatment area can be maintained at a higher relative velocity with uniform 
treatment. 

1 5 The substrate holder extension 140 should be at least half the width of the 

main treatment area A and preferably greater than the width of A. A typical di- 
mension for A is 2cm. A may be in the range of 0.5cm to 5cm. and need not be 
circular. 

Improvements to the prior art non-contact vortex type substrate holder that 
20 provide advantages for this hot gas RTP invention are described in the United 
States Provisional Patent application no. 60/158,892, "Wafer holder for rotating 
and translating wafers for processing in an atmospheric plasma system with con- 
trol of wafer holder temperature," inventors Bollinger and Tokmouline, filed Octo- 
ber 12, 1999 and continued in a United States Patent application filed October 
25 12,2000. 
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Correction of systematic variation in the wafer treatment 

Small systematic effects could arise to introduce small variations in the 
treatment across the substrate 32. Such variations can arise from a small varia- 
tion in temperature across the wafer holder resulting in a corresponding small 
5 variation in the thermal processing. Such repeatable systematic effects may be 
measured and subsequently compensated for by programming the position de- 
pendent velocity of the substrate 32 through the hot gas stream. For example, a 
small measured thermal treatment deviation across the substrate 5T(x,y) from 
the required treatment T 0 can be corrected by a compensating velocity map 
10 V(x,y) for scanning the substrate through the hot gas stream. Small variations 
from T 0 are nearly linearly dependent on the treatment time and thus linear with 
IV( x >y)]" 1 , a velocity map that compensates for the measured treatment variation 
is: 

(14) V(x,y) = V 0 /[1+5T(x,y)/T 0 ] 

15 This velocity map may be corrected in an iterative procedure by measur- 

ing any thermal treatment variation and using this to re-calculate the velocity 
map. The iterated, compensation velocity map V n +i(x,y) is determined from the 
previous velocity map V n (x,y) for which a treatment variation 5T(x,y) was meas- 
ured by: 

20 (15) V n+ i(x,y) =V n (x,y)/[1+5T(x,y)/T 0 ] 

The velocity compensation may be applied from direct feedback from an 
in-situ, in- process wafer temperature measurement; or, from post-process 
measurement of the wafer characteristics such as a resistivity mapping of the 
substrate after RTP for diffusion or anneal. 
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Having thus described very fast Rapid Thermal Processing by use of a hot 
gas process and a means of using an atmospheric plasma for generating the re- 
quired hot gas stream for the thermal processing, the various advantages and 
objects of the invention can be understood. Variations from the described proc- 
ess can be made by one skilled in the art without departing from the scope of the 
invention as set forth by the following claims. 



\ 
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What is claimed is: 

1 . A method for rapid thermal processing (RTP) of a substrate used to make 
semiconductor devices comprising the steps of: 

forming a hot gas stream whose power density is above about 5x1 0 7 
W/m 2 ; and 

moving a substrate through the hot gas stream at a speed selected to 
treat the surface of the substrate at a high temperature while preserving a tem- 
perature differential throughout the thickness of the substrate to enable the sub- 
strate to produce enhanced cooling of a treated area of the substrate after the 
treated area has passed out of the hot gas stream. 

2. The method as claimed in claim 1 wherein the power density of the hot gas 
stream is above about 8x1 0 7 W/m 2 . 

3. The method as claimed in claim 1 wherein the exposure time t E of said 
treated area of the substrate to the hot gas stream is less than a value given by 
the expression: t E < p c p Ah 2 / 27k. 

4. The method as claimed in claim 1 wherein the velocity of the substrate relative 
to the hot gas stream is above about 1 .0 m/sec. 

5. The method as claimed in claim 1 for a silicon substrate wherein the velocity of 
the substrate is selected sufficiently high to yield an exposure time of the sub- 
strate to the hot gas stream of less than about 8ms. 

6. The method as claimed in claim 2 wherein the velocity of the substrate is 
above about 1.5 m/sec. 

7. The method as claimed in claim wherein said substrate is held in a sub- 
strate holder of the non-contact vortex type and wherein said substrate holder 
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has an extension beyond the substrate edge, said extension extends out from 
the substrate for a distance greater than the characteristic width of the hot gas 
5 stream treatment area. 

8. The method as claimed in claim 1 and further including the step of doping 
of the semiconductor substrate by annealing of the crystal damage from a previ- 
ous implantation of doping atoms. 

9. The method as claimed in claim 1 and further including the step of diffus- 
ing doping atoms from a layer deposited over the substrate. 

1 0. The method as claimed in claim 1 and further including the step of diffus- 
ing doping atoms from the hot gas stream wherein a material containing the dop- 
ing atoms were injected into the hot gas stream. 

11. A method for rapid thermal processing (RTP) of a substrate used to make 
semiconductor devices comprising the steps of: 

forming an atmospheric arc-type hot plasma stream whose power density 
is above about 5x1 0 7 W/m 2 and has a cross-sectional area that is substantially 
5 less than the surface area of the substrate to be treated by the hot gas stream; 
and 

moving a substrate through the hot gas stream with a predetermined con- 
trolled pattern and at a speed that is above threshold level selected to treat a sur- 
face of the substrate at a high temperature while preserving a temperature differ- 
1 0 ential throughout the thickness of the substrate to significantly contribute to a 

cooling of a treated area of the substrate after the treated area has passed out of 
the hot atmospheric gas stream. 

12. The method as claimed in claim 1 1 wherein said threshold level is at about 
1 .5 m/sec. 
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13. A method for rapid thermal processing (RTP) of a substrate used to make 
semiconductor devices comprising the steps of: 

forming a hot gas stream whose power density is sufficiently high to in- 
crease the surface temperature of the substrate at a rate in excess of about 10 3 
5 °C/sec; and 

moving a substrate through the hot gas stream at a speed selected to 
treat the surface of the substrate at said high temperature while preserving a 
temperature differential throughout the thickness of the substrate and enable the 
substrate to cool the treated area at a rate of at least about 10 3 °C/sec after the 
10 treated area has passed out of the hot gas stream. 

14. The method as claimed in claim 13 wherein said hot gas stream has a 
power density that is sufficiently high to raise the temperature of the surface of 
the substrate to above about 1000 °C during movement of the substrate relative 
to said hot gas stream without permanent deformation of the substrate and with- 

5 out introducing crystal defects into the substrate. 

15. The method a claimed in claim 14 wherein the power density of the gas 
stream is above about 5x1 0 7 W/m 2 . 

16. The method as claimed in claim 13 wherein said hot gas stream has a 
power density that is sufficiently high to raise the temperature of the surface of 
said substrate along a path to a level at which a shallow segment of the substrate 
melts along said path. 

1 .7 The method of claim 1 3 wherein the motion of said substrate is controlled 
so as regulate the peak temperature of the surface of the substrate. 
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1 8. The method of claim 1 3 wherein said movement of the substrate is con- 
trolled to provide multiple overlapping passes with sufficient intervals between 
adjacent passes to enable a portion of the substrate exposed to the hot gas 
stream during a previous pass to cool to a desired level for a generally uniform 

5 thermal treatment of the entire substrate. 

19. The method as claimed in claim 13 wherein said substrate has a motion 
configuration wherein the substrate moves through the hot gas stream with a 
step and scan motion such that the substrate moves with sequential, off-set 
passes through the hot gas stream with a controlled velocity along linear paths. 

20. The method as claimed in claim 1 3 wherein said substrate has a motion 
configuration wherein the substrate moves through the hot gas stream with a 
step and scan motion such that the substrate moves with sequential, off-set 
passes through the hot gas stream with a controlled velocity along paths that are 

5 arcuate. 

21 . The method as claimed in claim 1 3 wherein the motion of the substrate is 
along overlapping scans to provide a greater cool-down time between scans with 
sets of scans where: 

scans in each set is greater than the characteristic width of the hot gas 
5 treatment area; 

the subsequent sets of scans are offset by sufficiently small steps to give 
uniform treatment and 

sets of scans are run to fully treat the entire substrate. 



Abstract 



A technique is described for a very rapid thermal treatment of a substrate 
used to make semiconductor devices. The substrate is subjected to a very hot 
gas stream such as can be produced from an arc-type plasma generator. The 
5 substrate is then moved through the hot gas stream at a velocity selected to suf- 
ficiently heat the surface of the substrate to a high temperature at which doping 
and diffusion processes can be done in an efficient manner, while a thermal gra- 
dient is preserved throughout the thickness of the substrate. In this manner as 
the substrate moves through the hot gas stream a rapid heating of the surface is 

1 0 achieved and as the heated portion moves out of the gas stream, the bulk of the 
substrate can assist in the cooling of the heated portion. Sharply defined doping 
regions can be formed in the substrate. The method yields temperature heating 
and cooling rates of the order of 10 5o C/sec, peak temperatures up to the melting 
point of a substrate such as silicon without permanent distortion or introducing 

1 5 defects into the substrate, enables very fast low temperature annealing and 

activation with peak temperatures of 300° to 1000°C, provides process uniformity 
and throughput needs for silicon device manufacturing. 
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